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Abstract

Field studies were conducted on a sandy soil during autumn of 2010 and 2011 in an arid region of
Tunisia to investigate the effects of nitrogen and irrigation regimes with saline water on yield and
water productivity (WP) of potato (Solanum tuberosum L. cv. Spunta) and soil salinity. For the two
years, irrigation treatments consisted in water replacements of cumulated crop evapotranspira-
tion (ETc) at levels of 100% (1100, full irrigation), 60% (160) and 30% (130), when the readily
available water in 1100 treatment was depleted, while the nitrogen treatments (N) were 0, 100,
200, and 300 kg/ha (No, N100, N200, and N300). Results showed that soil salinity values remained
lower than those of electrical conductivity of irrigation water (ECiw) and were the lowest under
treatment 1100 and the highest with 130 treatment. Relatively low ECe values were also observed
under 160 treatment. The highest potato yields for the two years were obtained with 1100 treat-
ment. Compared to 1100, significant reductions in potato yields were observed under 160 and 130
deficit irrigation treatments resulting from a reduction in tubers number/m? and tuber weight.
The water productivity (WP) was found to significantly vary among treatments, where the highest
and the lowest values were observed for 130 and 1100 treatments, respectively. Potato yield and
WP increased with an increase in nitrogen rates. The rate of 300 kg N/ha was seen to give good
yield and higher WP of potato under full (I100) and deficit (160) irrigation treatments. However,
application of N adversely affected potato yield and WP, when N level applied above 200 kg N/ha
at I30. The WP was improved by N supply, but its effect decreased as the irrigation level increased.
The IWP at 1100, which produced the highest potato yield, was 8.5 and 9.9 kg/m3 with N300 but
this increased to 11.9 and 15.6 kg/m3 at 130 with N200, in 2010 and 2011, respectively. These re-
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sults suggested that potato in arid region could be cultivated with acceptable yields while saving
irrigation water and reducing nitrogen supply but it was essential to exploit the interaction effect
between these two parameters to maximize resource use efficiency.
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1. Introduction

When crops, sensitive to salinity, are introduced in areas with prevailing arid conditions and saline waters, there
is always a challenge for best irrigation management and the associated salinity problems. This is the case of
southern-east of Tunisia where water resources are limited and not land. In this area, irrigation of potato crop is
expanding around shallow wells (Total dissolved Salt, TDS > 2 g/l) in private farms. Drip irrigation is widely
used in potato production in this region, because cost of installation has relatively decreased with the easy access
to subsidized drip irrigation equipment made possible recently. With the drip irrigation systems, water and nu-
trients can be applied directly to the crop at the root level, having positive effects on yield and water savings [1].
[2] [3] showed that saline water could be efficiently used through drip irrigation even on saline soils. Moreover,
it results in considerable saving in irrigation water [4] [5] thus reducing the risks of salinization and also nutrient
leaching [6].

Many studies and reports have been documented regarding the effects of water deficit and irrigation regimes
on potato crop in many parts of the world [7]-[9]. The yield is greatly influenced by timing and duration of water
stress during the different growth stages of potato crop [10]. Scheduling water application is very important to
make the most efficient use of drip irrigation method, since excessive irrigation reduces yield, while inadequate
irrigation causes water stress and reduces production [11]. Therefore, optimal irrigation scheduling requires ac-
curate estimates of crop evapotranspiration (ETc) [12]. However, determination of ETc during the initial stage
without full ground cover requires considering soil evaporation and crop transpiration separately [13]. In our
case, it is very important to know with high degree of accuracy the irrigation water requirements and the appro-
priate supply regimes for the considered crop, i.e., potato.

This crop has critical periods of growth when irrigation is a necessity for optimal yield and quality [7] and, as
in other horticultural crops, nitrogen (N) is a dominant nutrient in the growth, development, yield and quality
[14]. Though information about irrigation and N management of this crop is often conflicting in the literature, it
is accepted generally that production and quality are highly influenced by both N and irrigation amounts and
these requirements are related to the cropping technique. Improvements in cropping techniques, such as fertiga-
tion, have been responsible for an increase in potato yields, but inappropriate amounts of both water and N fer-
tiliser are commonly used by potato growers. Thus, careful N and water supply is required to ensure high crop
yields. Modern production practices involve optimisation of both N and water use in order to optimise crop
production and minimise the risk of N leaching towards underground water.

Previous studies have shown that adequate water supply before and during tubers initiation increases the
number of tubers per plant [15] [16]; whereas, after tubers initiation, it increases their individual sizes [17] [18].
Water deficit produces smaller tuber size and lower yields [7] [8]. According to [19], reduction of water supply
more than 33% of the crop irrigation requirement could not be suggested under the Turkish conditions, whereas
[20] advised on avoiding regimes that led to deficit in the ripening stage as well as at growth or tuber bulking in
the semi arid environments of Albacete, Spain. Thus, irrigation is an important component of potato production
areas in arid regions and it is crucial to maximize water use due to the energy requirement of the drip irrigation
method and limited water supplies. The only way to accomplish this is to use water efficiently [21]. The effect
of both water and N on potato crop has been reported in the literature frequently with different conclusions;
likely because optimal rates vary according to different crop varieties, plant density, soil types and climate con-
ditions.

Effective irrigation scheduling and the use of drip irrigation system are two possible options to improve water
use efficiency and to address the issue of water shortage in arid regions of Tunisia. Proper management of N fer-
tilizer is especially important in saline conditions where N application might reduce the adverse effects of salin-
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ity on plant growth and yield [22] [23]. Thus, careful N and water management is required for potato to ensure
regular growth, high dry matter content and marketable tubers [24]. Several experiments have been carried out
on the irrigation and fertilization of potatoes in the various regions of the world. The nitrogen requirement which
is the most limiting essential nutrient for potato growth, especially in sandy soil, depends greatly from the cli-
mate, soil, variety, irrigation and cultural practices. However, in the arid regions of Tunisia, the potato is widely
grown. Experiments on irrigation and nitrogen requirements of potato crops and new irrigation techniques that
use irrigation water effectively are limited. Therefore, a two-year experiment was initiated in 2010 with the ob-
jective to study the interaction effect between water and N applied at different levels on yield and water use effi-
ciency of potato under arid conditions of southern Tunisia.

2. Materials and Methods

The field experiment was carried out during autumn season of 2010 and 2011 in a commercial farm situated in
the southern east of Tunisia (33°50'N, 10°64'E; altitude 30 m) in the region of Médenine. The climate is typical
of arid areas and the rainfall recorded in 2010 and 2011, from October to January during the cropping period of
potato is reported in Figure 1. The soil of the experimental area is sandy soil with low organic matter content
(<7 g/kg). Average values in the 60 cm topsoil of field capacity (0.33 bar, pF 2.5) and permanent wilting point
(15 bar, pF 4.2), determined by the membrane method, are respectively 12.69% and 4.3%. The bulk density of
soil was 1.47 g/lcm®. The total soil available water calculated between field capacity and wilting point for an as-
sumed potato root extracting depth of 0.60 m, was 74 mm. The electrical conductivity (ECe) values measured
before planting of fall potato are, respectively, 4.9 and 3.7 dS/m for the first and second year. The level of
available nitrogen in the soil was very low (less than 0.008%) and thus was not taken into consideration while
calculating the fertilizer for different treatments.
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A split-plot design with four replications was used. Irrigation level was assigned to the main plot and nitrogen
levels to the subplots applied through drip irrigation system. The considered irrigation regimes were: full irriga-
tion (1100) treatment irrigated when readily available water in the root zone had been depleted and plants in that
treatment received 100% of accumulated crop evapotranspiration (ETc), two additional treatments were irrigated
at the same frequency as treatment 1100, but with quantities equal to 60% and 30% of accumulated ETc (40%
deficit (160) and 70% deficit (130)). The levels of nitrogen (N) were 0 (No), 100 (N100), 200 (N200) and 300 kg
N/ha (N300).

Tubers of the late maturity potato (Solanum tuberosum L.) cultivar “Spunta” was hand planted in 1 October
each year in 0.70 m rows with plants spaced 0.40 m apart. Each subplot consisted of six rows. All plots were
drip irrigated with water from a shallow well having an electrical conductivity of irrigation water (ECi) of 7
dS/m. Each dripper had a 4 I/h flow rate. Water for each block passed through a water meter, gate valve, before
passing through laterals placed in every potato row. A control mini-valve in the lateral permits use or non-use of
the dripper line. Fertilizers were supplied for the cropping periods in the same amounts; before planting, soil was
spread with 17 t/ha of organic manure. The P,Os and K,O fertilizers were applied as basal dose before planting
at rates of 300 and 200 kg/ha, respectively. The total amount of N at variable levels was applied as ammonium
nitrate, which was divided and delivered with the irrigation water in all treatments during early vegetative
growth. After tubers initiation stage, 120 kg/ha of potassium nitrate was applied for all treatments.

The crop evapotranspiration (ETc) was estimated for daily time step by using reference evapotranspiration
(ETo) combined with a potato crop coefficient (Kc). ETo is estimated using daily climatic data collected from
the meteorological station, located at Médenine, Tunisia and the FAO-56 Penman-Monteith method (ETo-PM)
given in [25]. The potato crop coefficient (Kc) was computed following the recently developed FAO-56 dual
crop coefficient approach, the sum soil evaporation (Ke) and basal crop coefficient (Kcb) reduced by any occur-
rence of soil water stress (Ks), that provides for separate calculations for transpiration and soil evaporation (Kc
= KsKcb + Ke).

For irrigation scheduling, the method used was the water balance, by means of a spreadsheet program for Ex-
cel, developed according to the methodology formulated by [25]. The spreadsheet program estimates the day
when the target soil water depletion (readily available water, RAW) for the treatment 1100 would be reached and
the amount of irrigation water needed to replenish the soil profile to field capacity. The program calculates the
soil water depletion on daily basis using the soil water balance and projects the next irrigation event based on the
target depletion (35% of total available water in the root zone, 35% of TAW). The soil depth of the effective
root zone is increased with the program from a minimum depth of 0.15 m at planting to a maximum of 0.60 min
direct proportion to the increase in the potato crop coefficient.

At physiological maturity stage, potato yield is determined for each treatment. Twenty plants per row within
each plot are harvested by hand in the third week of January to determine potato yield, tuber number/m and tu-
ber weight.

Soil samples were collected after harvest. The soil was sampled with a 4 cm auger every 15 cm to a depth of
60 cm, at four sites perpendicular to the drip line at distances of 0, 10, 20 and 30 cm from the line, and at four
sites between the emitters (0, 7, 15 and 20 cm from the emitter). Conceptually, these should be areas represent-
ing the range of salt accumulations [26] [27]. Samples were air-dried and ground to pass a mesh of 2 mm size
and were analyzed for ECe.

Water productivity (WP) is defined as the yield obtained per unit of water consumed, whether from irrigation
or total received, therefore including the precipitation. The WP was calculated as follow: WP (kg/m®) = Yield
(kg/ha)/total water received (m%ha) from planting to harvest; an irrigation of 74 mm applied before planting is
not included in the total.

All data were subjected to the analysis of variance (ANOVA) appropriate to the experimental design to
evaluate the effects of treatments on the yield, yield components of potato, soil salinity and water use efficiency.
STATGRAPHICS Plus 5.1 (www.statgraphics.com) was used to conduct the analysis of variance. Comparison
of treatment means was carried out using the least significant difference (LSD) at 5% probability level.

3. Results and Discussion
3.1. Soil Salinity

Soil salinity values in the 0 - 60 cm soil layer, expressed by the ECe, under different irrigation treatments at
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planting, development, mid-season and harvest period of the autumn potato are presented in Figure 2. Initial soil
salinity values determined at planting were, respectively, 4.9 and 3.7 dS/m in the first and second year. The re-
sults show that during the two years, a decrease in ECe values measured at development, mid-season and harvest
is observed under all irrigation treatments compared to initial soil salinity. The decrease of ECe values is attri-
buted to the leaching of soluble salts by fall and winter rains (61.5 and 93 mm) (Figure 1) and the decrease in
evaporative demand in autumn. The capacity of fall-winter rainfall to leach salts in the region is variable and
depends on the total amount and distribution of rainfall events. This is illustrated by the lowest ECe values ob-
served in the second year which corresponds to the highest amount of total rainfall during potato growing season
(Figure 1) that seemed to be effective in removing salts accumulated in the root zone.

For both years, 1100 resulted in a significantly lower ECe values than with deficit irrigation treatments
(Figure 2). Higher soil salinity levels were observed for 160 and 130 deficit irrigation regimes. ECe values were
in order 1100 < 160 < 130. The reason for the higher soil salinity obtained for deficit irrigation treatments is at-
tributed to absence of substantial leaching under deficit irrigation conditions. [28]-[30] reported that one conse-
guence of reducing irrigation water use by deficit irrigation is the greater risk of increased soil salinity due to
reduced leaching.

ECe values under the different irrigation treatments were lower than the EC of irrigation water used. [31] ob-
served that the extent of salt accumulation depends on soil texture and reported that in soils containing less than
10% clay the ECe values remains lower than ECiw. Low values of ECe under the prevailing climatic conditions
were due to the natural leaching of soluble salts by rainfall that occurred during fall and/or winter periods
(Figure 1). Thus, under actual farming conditions, the use of saline waters for irrigation of short-cycle crops
during the rainy season seems to have low impact on soil salinization as salts added by irrigation are removed
from the root zone by natural leaching.
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Figure 2. Soil salinity (ECe, dS/m) under different irrigation regimes.
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3.2.Yield and Yield Components

For both experiments, potato tuber yield varied widely under different amounts of water applied through drip ir-
rigation at different levels of nitrogen (Table 1). Full irrigation regime resulted in the highest tuber yield under
all N levels and there were significant reductions on total yield when applying a smaller amount of irrigation
water. The reduction in yield with 40% (I160) reduction in irrigation water averaged 22.4% and 20.2%, respec-
tively, in first and second year, suggesting that the crop is not very sensitive to moderate water deficit. Whereas
by applying 70% (130) less amount of irrigation water, potato yield decreased by 50.1% and 43.4%, respectively,
for 2010 and 2011. Similar results were found by [6] [32]. The reduction in potato yield was attributed to reduc-
tion in tubers number and weight (Table 2). Previous studies have also reported significant tuber yield and size
reductions with the reduction of applied water [7] [8]. Note that the deficit irrigation regimes results in higher
salinity in the rooting zone than the full irrigation regime (1100) (Figure 2). A higher salinity associated with
deficit irrigation caused important reductions in tuber yield and its components.

The crop was found to be responsive to increasing nitrogen fertilizer level (Table 1). Mean tubers yield in-
creased up to 300 kg/ha. The difference in tubers yield was significant between different fertilizer rates except
No - N100 (0 - 100 kg N/ha) and N200 - N300 (200 - 300 kg N/ha) where it was not significant. The increase in
tubers yield may be attributed to improved growth and yield components due to nitrogen application (Table 2).
There were differences between two experiments in potato yields. Yields were highest in the second year be-
cause of the low soil salinity and the higher amount of rainfall (93 mm).

The interaction effect between irrigation and nitrogen for potato yield was significant, indicating that both
factors did not act separately (Table 1). Tuber yield increased up to the highest level of N (N300) at 1100 and
160 however the response to applied N was observed only up to N200 at 130 irrigation regime. This finding im-
plies that increasing N rate under severe water deficit will be relatively inefficient, may be because of an adverse
effect of excessive N on yields. These results are in agreement with the findings of [6], who reported that pro-
ductivity of applied nitrogen under severe water stress conditions decreased with applied excess nitrogen. Under
the conditions of water deficit, N application levels would not be the limiting factor for increasing potato tuber
yields whenever the amount of water applied would probably be the important factor. This may indicate that
under deficient water conditions the efficiency of N fertilizer is reduced due to inhibition of growth rate [33].

Table 1. Effect of irrigation regimes (1) and nitrogen (N) interaction on potato yield (t/ha).

Nitrogen levels (kg/ha)
Irrigation regimes

No N100 N200 N300 Mean
2010
130 7.42+1.80" 8.53+0.91 9.68 +0.39 9.24+1.93 8.72
160 11.39+1.04 12.05+2.04 14.78 + 2.60 15.94 £ 0.43 13.54
1100 13.15+0.46 15.07+1.01 18.89+1.76 22.72 +0.60 17.46
Mean 10.65 11.88 14.45 15.97
2011
130 9.48 +1.55 11.53 £1.05 12.01+0.71 11.91+1.14 11.23
160 12.45 +1.66 14.15+1.87 16.95+2.10 19.7+0.97 15.81
1100 14.99 +0.90 17.83+1.34 21.4+2.04 2512+1.17 19.84
Mean 12.31 14.50 16.79 18.91
LSD (5%)

Factor 2010 2011
Irrigation (1) 2.114 2.009
Nitrogen (N) 2.315 2.104

IxN 1.752 1.604

“Mean = standard deviation (SD).
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Table 2. Yield components under different irrigation regimes and nitrogen levels.

“Tubers number/m? “Tuber weight (g)
Irrigation regimes

2010 2011 2010 2011
130 1750+ 1.14 20.70 £1.77 61.47 £3.70 66.5+3.44
160 22.00£2.01 2450 £1.93 75.79+£291 81.22£3.10
1100 2450+ 2.12 27.75+£2.40 93.32 £ 3.04 99.77 £3.12

LSD (5%) 1.677 1911 3.993 4.001

Nitrogen levels (kg/ha)

No 18.00 +0.70 19.75+1.32 68.72£4.72 72.61£2.66
N100 19.50 + 2.20 21.62+1.57 77.09 £ 2.95 80.80 £ 2.81
N200 21.50+3.17 2396+ 2.11 87.21+4.1 93.50 + 3.26
N300 23.70£151 25.95+1.33 93.31+£3.61 96.33 £3.75

LSD (5%) 1.447 1.733 4.621 5.211

“Mean = standard deviation (SD).

3.3. Water Productivity

The amounts of water applied for the potato from planting to harvest over the two-year period are given in
Table 3. Irrigation water applied before planting of potato (74 mm) each year is not included in the total. Total
rainfall amounts for the two growing seasons were 61.5 and 93 mm in 2010 and 2011, respectively. Cumulative
ETo over the growing season for the two year study were 384 and 376 mm, respectively. For 1100 treatment,
giving 100% ETc, irrigation amounts of the two years were 269 mm in 2010 and 254 mm in 2011. These
amounts are comparable to those reported by to those reported by [8] [14] [20]. The total amount of irrigation
water applied ranged from 330.5 mm in 1100 to 142.5 in 130 and from 348 mm in 1100 to 170 mm in 130, re-
spectively, for 2010 and 2011.

Water productivity (WP) based on fresh tuber production was expressed as the ratio of tuber yield at harvest
to the water supply (Table 3). The WP values obtained in this study were similar to those reported for potato by
others [8] [34] and were affected by irrigation regimes and N levels. There is also a variation in WP values be-
tween years. For all irrigation and N treatments, yield was higher in the second year compared to the fist one.
Values of irrigation water productivity (IWP) reflect this difference, they varied typically around 4.9 - 12, and
5.9 - 15.6 kg/m®, respectively, in the first and second year.

The water was used more efficiently in the deficit irrigation treatments where lower amounts of water gener-
ally have higher WP values. The higher mean WP of potato as a result of N fertilization was due to an increase
in potato yields. These results are in close agreement with those of [35].

Interaction effect of water quality x nitrogen showed that higher WP for fresh tubers production were ob-
served with nitrogen rate of 300 kg/ha under 1100 and 160 irrigation regimes, but with 130 irrigation regime the
highest WP value was observed with N200. The WP of potato decreased significantly as the rate of nitrogen fer-
tilizer decreased. For each nitrogen level, the WP decreased as the amount of irrigation water increased. The
highest IWP values, 11.95 and 15.6 kg/m®, were obtained at 130 with N200 level while the lowest values, 4.89
and 5.90 kg/m?®, were obtained at 1100 with No, respectively, in first and second year. As the amount of water
applied was lower by 40% (160) and 70% (130), IWP was 17.2% - 35% and 30.2% - 56.4% higher than at 1100
with N300, respectively, in first and second year. Our findings of highest WP under severe water restriction,
with N levels of about 200 kg/ha might have positive implications for potato crop in arid conditions. Similar re-
sults have already been reported by [36] in potato crop. Higher WP through drip method has been found in
melon [37] and in eggplant [38], when the N level was increased to the optimum. The results suggest that potato
in an arid climate region can be cultivated with acceptable yields while saving irrigation water and reducing ni-
trogen supply but it is essential to exploit the interaction effect between these two factors to maximize resource

use efficiency.
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Table 3. IWP and TWP for fresh tubers yield under different irrigation regimes and nitrogen levels.

IWP (kg/m®) TWP" (kg/m®)
Irrigation regimes
Nitrogen levels (kg/ha) Nitrogen levels (kg/ha)
No N100 N200 N300 Mean No N100 N200 N300 Mean
2010

130 9.16 10.53 11.95 11.41 10.76 5.21 5.99 6.79 6.48 6.12

160 7.07 7.48 9.18 9.90 8.41 5.12 5.42 6.64 7.16 6.09

1100 4.89 5.60 7.02 8.45 6.49 3.98 4.56 5.72 6.87 5.28
Mean 7.04 7.87 9.38 9.92 4.77 5.32 6.38 6.84

LSD (5%)
Irrigation (1) 1.002 0.977
Nitrogen (N) 0.774 0.841
IxN 0.711 0.634
2011

130 12.31 14.97 15.60 15.47 14.59 5.58 6.78 7.06 7.01 6.61

160 8.14 9.25 11.08 12.88 10.33 5.06 5.75 6.89 8.01 6.43

1100 5.90 7.02 8.43 9.89 7.81 4.32 5.14 6.17 7.24 5.72
Mean 8.78 10.41 11.70 12.74 4.99 5.89 6.71 7.42

LSD (5%)

Irrigation (1) 1.117 1.006
Nitrogen (N) 0.823 0.877
IxN 0.622 0.545

“Total water productivity.

4. Conclusion

Our results showed full irrigation (1200) and deficit irrigation treatment (160) maintained low level of soil salin-
ity while higher soil salinity levels in the root zone were observed with 130 deficit irrigation strategy. Yield and
yield components of potato were generally more responsive to irrigation than to nitrogen level (N) under the
conditions of the experiment. Potato yield, yield components and water productivity were significantly affected
by irrigation regime, N rate, and irrigation x N interaction. The decrease in tuber yield in the deficit irrigation
treatments was mainly due to a decrease in tuber number and weight. A higher salinity associated with deficit ir-
rigation caused important reductions in tuber yield and its components. The increase of nitrogen level produces
an increase in the tuber yield at full (1100) and deficit (160) irrigation regimes, while under severe deficit regime
(130) increased N level more than 200 kg N/ha negatively affects tuber yield. The response to nitrogen was re-
lated to the amount of irrigation water applied where N level required for maximum yield decreased under se-
vere water restriction (130). The water was used more efficiently with deficit irrigation treatments (130 and 160)
where WP increased with lower amounts of irrigation water. The highest WP values were obtained at 130 with
N200 level while the lowest values were obtained at 1100 with No. Higher WP was observed with nitrogen rate
of 300 kg/ha under 1100 and 160 irrigation regimes, but with 130 irrigation regime the highest WP was observed
with N200. These results underline the importance of determining the interaction effect between water and ni-
trogen under different levels on potato yield to formulate proper management practices for sustainable produc-
tion.
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